Abstract-The main goal of this letter is the analysis of the multipactor effect within a coaxial waveguide structure when an external axial dc magnetic field is applied. We have designed and manufactured a coaxial waveguide sample that has been immersed within a long solenoid. Numerical and experimental results confirm a significant change in the RF breakdown behavior with regard to the case without the axial dc magnetic field, as well as the existence of single-and double-surface multipactor regimes. Good agreement between theory and experimental data has been found.
I. INTRODUCTION
M ULTIPACTOR breakdown is a phenomenon that takes place on devices operating under vacuum conditions and high-power RF electromagnetic fields [1] . The multipactor effect is present in different environments such as satellite passive components used for space communications, klystrons, cyclotrons, and particle accelerators, where it is named electron cloud phenomenon [2] . The multipactor breakdown occurs when the trajectories of free electrons, existing inside the device, are synchronized with the RF electric field. This phenomenon produces an exponential growth of the electron population, generating several negative effects that degrade the device performance.
Multipactor phenomenon has been deeply studied for different kinds of waveguides. In particular, multipactor analysis in coaxial lines has attracted the interest of many researchers [3] - [7] . In this context, the presence of dc magnetic fields has been recently used for the partial or total discharge mitigation, as reported in [8] , where the direction of the magnetic field remains in the transverse propagation plane of a coaxial geometry, and in [9] and [10] , where an axial magnetic field is inserted within a rectangular waveguide for multipactor suppression.
In this letter, we have studied the effect of an axial dc magnetic field in the multipaction existing within a standard coaxial transmission line. In the first section, we discuss the theoretical model employed for simulations. Next, we have designed, manufactured, and tested a simple coaxial sample, as well as a long solenoid for dc magnetic field generation. An experimental test bed for multipactor detection has been developed. Finally, the comparison between experimental data and theory proves the existence of different multipactor regimes under the presence of an external dc magnetic field.
II. THEORY
The commercial FEST3D software [11] was used to perform the simulations of multipactor within the coaxial line. Indeed, this code is based on the 3-D tracking of a set of electrons governed by electric and magnetic external fields. To proceed, the Lorentz force equation is numerically solved by means of the leap-frog algorithm, as described in [12] . The considered fields are the superposition of the time-harmonic electric and magnetic coaxial TEM mode fields of frequency f , and the external axial uniform dc magnetic field B DC . Following the Monte Carlo technique, when an electron hits on the inner or the outer metallic walls, the code allows absorbing the electron or releasing secondary electrons depending on the impact conditions. This is done by using the secondary-electron-yield coefficient δ (SEY) [13] of the material. Thus, the SEY model for copper is described in [14] with a first crossover W 1 = 25 eV, δ max = 2.25, and an incident electron energy value for δ max given by W max = 175 eV. A Maxwellian distribution for computing the secondary electrons' velocities has been used, considering a mean of 4 eV and a standard deviation of 2 eV. The multipactor onset criterion used by FEST3D is based on the detection of an exponential growth rate.
III. EXPERIMENTAL SETUP
The coaxial sample for multipactor test is shown in Fig. 1 a uniform magnetic field in the central region, where the coaxial sample is inserted. According to these specifications, we have designed and manufactured a solenoid formed by around 8250 turns with 30-cm length and 1.905-cm radius, being its electrical resistance is 71.8 Ω. This solenoid was calibrated by means of a magnetic probe mounted in a translation linear stage, which moves along the axis of symmetry of the solenoid. The linear relation between the solenoid dc current I DC and the magnetic field in the center of the solenoid gives B DC = 3.8 mT when I DC = 100 mA.
An experiment to validate FEST3D simulations was carried out at the European Space Agency Val Space Consortium Laboratory [15] ; the experimental setup is the standard one, commonly employed in multipactor measurements (see [14] ). The coaxial sample was placed centered inside the solenoid, and three detection methods were used, i.e., the measurement of nulling between the input and the reflected waves at the carrier frequency, the third-harmonic frequency detection of the transmitted signal, and the measurement of the secondary electrons generated in the discharge with an electron probe. During the measurements, a pressure vacuum chamber was in an interval 10 −5 −10 −7 mbar. Measurements were performed at an RF frequency of f = 1.145 GHz, which corresponds to a frequency gap of f × d = 2.261 GHz · mm. The RF signal generator operated in pulsed mode with a pulse width of 20 μs and a duty cycle of 2%. An optical fiber connected to an ultraviolet mercury lamp (254 nm) was used to generate photoelectrons, which was inserted into the coaxial sample through a venting hole. Multipactor RF power threshold was measured for several dc magnetic field strengths. Both experimental and theoretical results are shown in Fig. 2 .
IV. DISCUSSION
As we can see in Fig. 2 , there is good agreement between experimental and computed points. Small differences can be related to the inaccuracy of the SEY model used in the theoretical simulations. According to both experiment and theory, the presence of the dc magnetic field has minimized and maximized the RF power threshold a factor of 84% and 23% in comparison to the zero magnetic field case, respectively.
In order to have a better understanding of the obtained results, electron trajectories have been represented for some significant points, which have been marked in Fig. 2 as A, B , FIG. 2 C, D, and E. In Table I , we have summarized the most relevant results, including cyclotron frequency f c , Larmor radius r L , and mean SEY value on the inner i and the outer o surfaces. For point A, we find a hybrid double-surface multipactor mode of order 1 for the inner-to-outer conductor path and order 3 for the outer-to-inner case, as shown in Fig. 3 . (Note that we define the multipactor order in terms of the number of RF semiperiods.) Due to the presence of the magnetic field, for point B, we have observed a mixing between double-and single-surface multipactor regimes. This effect is due to the increase in the dc magnetic field, which tends to bend the electron orbits around the magnetic field flux lines, as shown in Fig. 3 .
For point C, the dc magnetic field is strong enough to avoid electrons reaching the opposite conductor so that there are only single-surface orbits, as illustrated in Fig. 3 . Indeed, electron trajectories are confined near the conductor where electrons are launched, but the discharge is generated only on the inner wall. Electrons starting around the central region of the gap and near the outer conductor impact on the outer wall with too low kinetic energy values to generate true secondaries; hence, they do not contribute to the discharge (see Table I ). However, electrons starting from the inner conductor produce a single-sided multipactor regime of order 4. The variation of the RF electric field of the TEM fundamental mode with 1/r (r being the cylindrical radial coordinate) produces an asymmetric behavior in both inner and outer walls, providing more kinetic energy to the electrons emitted from the internal wall than those launched from the external one. Thus, when the RF power is increased above the threshold for the same value of magnetic field, we observe discharges on both surfaces, which enhance multipactor effect in comparison with point C. In the range from point C to point D, we have observed that multipactor cannot occur on the inner wall because of a lack of resonance, as depicted in Fig. 3 for point D. However, a stable single-surface discharge of order 2 can be generated on the outer metal. Thus, the significant local increase in the threshold of point D is again explained in terms of the variation with the radial coordinate of the applied RF electric field.
For point E, a single-surface discharge of order 2 has been found on the inner surface, which directly supposes a reduction of the RF power threshold. In this case, electron dynamics is similar to point C.
V. CONCLUSION
In this letter, we have studied the multipactor effect in coaxial transmission lines when an external axial dc magnetic field is applied. A significant modification of the RF power threshold as a function of the magnetic field has been observed, finding an increase and a reduction (with regard to the zero magnetic field case) of 23% and 84%, respectively. Simulations performed with commercial software FEST3D have demonstrated the existence of both double-and single-sided multipactor regimes. An experiment has been designed and performed, obtaining good agreement between measurements and theoretical data.
